ABSTRACT. The aim of this research was to compare genetic parameters for traits related with seed germination and seedling vigour of single cross (SCH) vs. three-way (TWH) sorghum hybrids. The study was conducted in a sand bed under a greenhouse; 67 genotypes (four pairs of A-and B-lines, four R-lines, 13 SCH and 42 TWH) were allocated in a randomized complete blocks experimental design with three replications. Statistical analysis included ANOVA's and Student "t" tests, while Tukey test (p ≤ 0.05) was applied for mean comparisons. The R-lines showed better physiological seed quality attributes than the Aand B-lines. The seed quality and heterosis values of SCH vs. that of TWH did not show significant differences (p > 0.05) for any variable; however, heterobeltiosis of SCH was higher than that of TWY for normal seedlings, dry weight of plumule and seedling emergence rate. The A2-line and R14 restorer line showed the highest GCA values in both types of hybrids. No differences (p ≤ 0.05) were found between maternal and paternal effects of the A-and B-lines involved in the male sterile cross (female parent) of the TWH, except for plumule length in Line 5.
Introduction
In commercial seed production of single cross hybrids of grain sorghum [Sorghum bicolor (L.) Moench] two lines are involved: a male-sterile line (A-line, female), and a male fertile line (R-line, restorer) (León-Velasco, Mendoza-Onofre, CastilloGonzález, Cervantes-Santana, & Martínez-Garza, 2009a ). In the three-way sorghum hybrids three lines are used since the female parent is a male-sterile cross of an A-line and a B-non isogenic line, and the male parent is an R-line. In both hybrid types, the progenie may express a higher plant vigour than the parents, an effect named heterosis, which is a relevant genetic trait frequently measured and used in plant breeding.
Mean heterosis (called as heterosis hereafter) is calculated based on the performance of the F1 hybrid with regard to the average performance of both parental lines (Kumar, Reedy, Ramaiah Sharma, 2011); the high parent heterosis (called as heterobeltiosis hereafter) refers to the F1 hybrid behaviour with respect to the best parental line (Hayes & Rooney, 2014) . Heterosis brings gains in grain yield, earlier flowering, greater number of leaves, taller plants, more tillers and panicles per plant, heavier seeds, more seeds per panicle (Acquaah, 2012) , a faster seedling emergence rate, more vigourous seedlings and a higher plumule dry weight (Yu & Tuinstra, 2001 ; Cisneros-López, Mendoza-Onofre, Mora-Aguilera, Córdova-Téllez, & Livera-Muñoz, 2007; León-Velasco et al., 2009a) . Compared to the three-way experimental sorghum hybrids, the single cross hybrids show a higher heterosis for grain yield (Rooney, 2004) . The three-way sorghum hybrids are not commercially grown in México (Montes-García, Williams-Alanís, Moreno-Gallegos, Cisneros-López, & Pecina-Quintero, 2012) nor anywhere else. However, in corn (Zea mays L.) these hybrids are highly profitable for seed producing companies due to the high heterosis obtained for seed yield in the female single cross (female parent of this type of hybrid), as contrasted to the lower seed yield harvested from a female pure-line (female parent of the single cross hybrid) (Beck, 2002) .
Several A-, B-and R-sorghum lines adapted to the Mexican Highlands have been developed and single cross hybrids have been evaluated under field conditions for different purposes (Osuna-Ortega et al., 2000; Cisneros-López et al., 2007; Cisneros-López, Mendoza-Onofre, & González-Hernández, 2012; León-Velasco et al., 2009a) . In this region (mean annual rainfall, 655 mm; average daily temperature, 16.3°C; 2,250 m of altitude) seedling growth of experimental conventional (single cross) sorghum hybrids is slow at the beginning of the growing season. In seedling emergence tests conducted in sand beds, seed size has not been the main responsable factor of this slow sorghum seedling growth (Cisneros-López et al., 2007; Valadez-Gutiérrez et al., 2007) . On the other hand, the physiological seed quality traits of three-way sorghum hybrids are unknown. Therefore, it is necessary to compare these traits in three-way hybrids vs. single cross hybrids, assuming that in the three-way hybrids the single cross female parent seeds will have better physiological attributes than those produced by the pure female line.
A genetic trait closely related to heterosis is the combining ability of the parents. The general combining ability (GCA) is the capacity of an individual or a population of individuals to combine with others, and it is estimated by the average performance in their hybrid combinations, whereas the specific combining ability (SCA) is the particular performance of two parental lines in a hybrid combination. These two responses are useful to select parental lines of sorghum hybrids (Kenga, Alabi, & Gupta, 2004; Solanki, Patel, Patel, & Desai, 2007; León-Velasco, Mendoza-Onofre, CastilloGonzález, Cervantes-Santana, & Martínez-Garza, 2009b) .
The diallel crosses are widely used for measuring the GCA and SCA effects of agronomic traits in plant breeding programs. The top-cross test that involves crosses of corn lines with a tester, is another option to estimate GCA (Bradshaw, 2016) . In threeway corn hybrids the more common tester is a single cross hybrid or a pure-line (Beck, 2002) , whereas in single cross hybrids the elite lines are used as testers (Hallauer, Carena, & Miranda Filho, 2010) . According to Castañón, Jeffers, Hidalgo, & Tosquy (1998) , the top-cross test has successfully substituted the diallel crosses because it reduces pollination costs.
The aim of this research was to compare the magnitude of the heterosis, heterobeltiosis, and the general and specific combinig ability on seed physiological quality traits of single cross hybrids vs. three-way hybrids of sorghum, as well as maternal vs. paternal effects of single AxB crosses for those traits.
Material and methods
Seed of isogenic and non isogenic single crosses AxB was increased in the spring-summer growing season of year 2012, according to a diallel squeme (Figure 1 ). Four pairs of A-and B-lines were included, so sixteen AxB male-sterile crosses were obtained. Four of these crosses correspond to isogenic AxB crosses; it means these are seed increments of the A-line (the female parental line of single cross hybrids). The other twelve are non isogenic crosses that correspond to the female parental single cross of the three-way hybrids. In addition, in this diallel we can also differentiate maternal vs. paternal effects of the isogenic A-and B-lines. For example, the average of A1xB2, A1xB3 and A1xB5 crosses will correspond to the performance of the A1-line as a female parent (maternal effects), and the average of A2xB1, A3xB1 and A5xB1 crosses will correspond to the performance of the B1-line (known as the maintainer line, isogenic of the A1-line) as a male parent (paternal effects). Seed from the single cross hybrids and the threeway hibrids was increased in the 2013 growing season, by hand made pollinations between the sixteen AxB crosses and four R-lines (R14, R17, R19, and R25).
Figure 1. Diallel scheme of isogenic and non isogenic AxB crosses. Isogenic crosses (boxes in white); non isogenic crosses (boxes in grey). Non isogenic crosses to analize maternal effects of the A1 line (bold letters) and paternal effects of the B1 line (italics letters).
Seedling emergence test
This experiment was established in June 2014, including 67 genotypes (four pairs of A-and Blines; four R-lines; 13 out of the expected 16 single cross hybrids, and 42 out of the 48 possible threeway hybrids), according to seed availability. Seed was sown in sand beds within a greenhouse. The experimental units were rows of 50 cm length, 5 cm apart. In each row 25 seeds were placed every 2 cm at 5 cm depth. Treatments were allocated in a randomized blocks design with three replications.
Variables measured in each plot were: Seedling emergence rate (SER): Seedlings were counted daily (as soon as the plumule became visible) until no more seedlings emerged in three consecutive days. Then SER was estimated with the equation of Maguire (1962) : SER = Σ n i (Xi/Ni), where Xi = number of emerged seedlings on day i, and Ni = number of days after sowing including day i.
Normal seedlings (NS), abnormal seedlings (AS) and dead seeds (DS) were also counted at the end of the essay, as specified by International Seed Testing Association (ISTA, 1999) rules, and its respective percentages were calculated. Aditionally, plumule length (PL) and plumule dry weight (PDW) from 10 normal seedlings were measured; PL was the length (cm) from the base of the stem to the apex of the youngest leaf; and PDW (mg per seedling) was recorded after seedlings were dried in an oven at 75°C for 72h.
Heterosis [(Performance of the F1/Average performance of the parental lines: two in single cross hybrids and three in three-way hybrids) x 100] and heterobeltiosis [(Performance of the F1/Performance of the best parent) x 100] (Hayes & Rooney, 2014) were calculated for each hybrid. Data of the fertile lines (B and R) was used in these calculations to assure a full seed set of the panicles.
Estimates of GCA and SCA in both types of hybrids were obtained considering top-cross tests. In these tests, the term "lines" were assigned to each Aline in the analysis of single cross hybrids, and to the non isogenic AxB crosses in the three-way hybrids.
The term "tester" was assigned to the R-lines. Therefore, the GCA of lines and testers were estimated through their respective averages; the SCA corresponded to the interaction of line x tester. Maternal effects vs. paternal effects were compared for each AxB non isogenic crosses participating in the three-way hybrids. Maternal effects correspond to hybrids in which the version A of the line acted as female parent (direct cross), while paternal effects were those hybrids in which the maintainer B-line participated as the male parent (reciprocal cross) (Figure 1 ) of the male sterile single crosses. Therefore, the statistical contrast between maternal vs. paternal effects of Line 1, would correspond to the average performance of A1xB2, A1xB3, A1xB5 crosses (direct crosses, maternal effects) vs. the average performance of A2xB1, A3xB1 and A5xB1 crosses (reciprocal crosses, paternal effects), crossed to each R-line.
Statistical analyses
The statistical package SAS (2002) ] to the percentage data (Yi) was applied but results are shown in percentages. Mean comparison tests were applied (Tukey, p ≤ 0.05) among genotype groups (A-, B-, R-lines, single cross hybrids and three-way hybrids). Since each hybrid group was represented by different number of observations (because there was not enought seed in some hybrids), PROC GLM of SAS (2002) was used to carry out the ANOVA's analysis. Statistical contrasts between the averages of the heterosis estimates of the 13 single cross hybrids vs. that of the 42 three-way hybrids were made by the Student "t" base on an unpaired design. To compare the differences of maternal effects vs. paternal effects the Student "t" test was also performed.
Results and discussion

Comparisons of groups of genotypes
There were significant differences (p ≤ 0.05) among genotypes for all the genotypes groups (grouped according to their role in a sorghum breeding program), for all seed physiological quality traits, except for abnormal seedlings (Table 1) .
Among parental lines, the male R-lines group showed much better seed physiological quality attributes than the A-and B-line groups; i.e., higher percentage of normal seedlings, faster seedling emergence, as well as longer and heavier seedling plumules (Table 2) . Most interestingly, the seed from the R-lines group was as good as the seed from the single cross and three-way hybrids regarding sed physiological quality traits.
Instead, the A-and B-inbred lines groups showed similar seed quality due to their isogenic nature. Under field conditions these lines are "3-dwarf" types (Brown, Rooney, Franks, & Kresovich, 2008) although our R-lines are usually more vigouous and reach higher stem size than isolines at harvest (León-Velasco et al., 2009a). There were no differences in seed physiological quality traits between the single cross hybrids and the three-way hybrids. These results clearly show that morphological differences in plant vigour can be detected as early as the seedling growth stage.
Cisneros-López et al. (2007) compared also seed germination and seedling emergence rate of single cross hybrids and their parental lines under field (same location as the present study), and laboratory conditions. They did not find either any significant difference between the hybrids and the R-lines, for percentages of normal seedlings, abnormal seedlings and dead seeds, plumule length and seedlings emergence rate. Yu &Tuinstra (2001) found similar results for variables related with seedling emergence rate in sorghum. That is, the per se seed performance of our group of R-lines is as good as that of seed obtained from hybrids. The absence of significant differences between the means of both groups of hybrids also suggest that the seed physiological quality traits do not rely on the female parents involved (pure-line for single cross hybrids or AxB non isogenic crosses for three-way hybrids), since all our male parents (R-lines) were the same in both types of hybrids. Table 3 shows three features on the heterosis and heterobeltiosis results: (i) There were not significant differences (p > 0.05) for heterosis between single cross and three-way hybrids, in any of the four seed quality traits; (ii) Heterosis had greater values than those of heterobeltiosis for all traits in both types of hybrids; (iii) Single cross hybrids had higher heterobeltiosis than three-way hybrids for normal seedlings, plumule dry weight and seedling emergence rate.
Heterosis
Heterotic effects are expected to be maximized in single crosses depending upon the genetic diversity of the parental lines and the homocigous level of these lines. Contrary to cross pollinated species such as maize, sorghum is a self pollinated specie in which homocigosity can be reached without an important decrease in vigour. The high heterosis values obtained here for the single cross hybrids (from 126 and 166 % depending upon to the trait involved) indicate that in this group of parental lines exist genetic divergence between the A-lines and the R-lines. After evaluating parental lines with similar pedigrees under field conditions, Cisneros-López et al. (2007) found lower heterosis values (normal seedlings, 90%; plumule length, 98% and seedling emergence rate, 107%) for single cross hybrids than in our study. These differences in heterosis might be due to differences in environmental conditions, more adverse in the field for seed germination and seedlings emergence rate with respect to the sand bed test done under greenhouse conditions in our study. Heterosis in biomass production at early stages of development has also been observed under chilling temperatures in sorghum (Windpassinger et al., 2016) as well as in classical molecular biology studies on Arabidopsis (Meyer, Törjék, Becher, & Altmann, 2004) .
According to Márquez (1988) , heterosis will decrease as the number of parental lines involved in a hybrid increases (two in a single cross hybrid, three in a three-way hybrid or four in a double cross hybrid), probably because it is less likely that all pairs of genes will combine for favourable characters. Our results indicate that in this group of parental lines this phenomenon do not occur, as three-way crosses and single crosses has similar heterosis values (Table 2 ). This response may be related to a similar proportion of allelic additively expressed genes associated with heterosis in the early stage of development of both types of hybrids.
The heterobeltiosis values were of lower magnitude that those of heterosis in both types of hybrids. Cisneros-López et al. (2007) No significant difference (p > 0.05) were found in the GCA of lines and testers for most of the seed quality measured traits, but line A2-tended to be better than the other females A-lines. There were not significant differences among testers either, except for seedling emergence rate of R 14 and R19 male lines (Table 4) . Regarding the specific combining ability (SCA), the best combination for normal seedlings and seedlings emergence rate was the A2xR14 single cross hybrid.
Lines and testers in three-way hybrids
Similar to the single cross hybrids results, in the three-way hibrids the A and B versions of Line 2, and R14 among testers, were the only ones with high values of GCA for normal seedlings, plumule dry weight and sedling emergence rate (Table 5) . Regarding SCA estimates, the superiority of R14 tester is evident, because when it is crossed to any female single cross, seeds of the three-way hybrids produce more normal seedlings, which can emerge at a faster rate (Table 5) . Maternal vs. paternal effects in the non isogenic female cross of three-way hybrids
There were not significant differences between maternal effects (the A-versions) vs. paternal effects (the B-versions) of each pair of A/B lines, except for the plumule length of Line 5. Three-way hybrids in which the A-version was involved showed longer plumule (9.22 cm) than those hybrids in which the female crosses included the B-version (8.61 cm). These results indicate that there are not nuclear and mitochondrial gene interactions in the seedling growh response of our A/B elite lines.
Conclusion
There were significant differences among genotypes for physiological quality traits of sorghum seeds. The R-lines group showed better seed quality traits than A-and B-lines groups. Single cross hybrids and three-way hybrids showed similar seed quality and heterosis values. The A2-line and the R14 restorer line stand out as the best candidates to be used as parental lines for seed physiological quality traits. There were not significant differences between maternal vs. paternal effects in physiological quality traits of sorghum seeds. Morphological differences in plant vigour can be detected in the seedling growth stage.
